INTRODUCTION
Action-potential conduction failure at the branching points of axons has been observed in a number of preparations (41). The function of such propagation failures has been discussed by several authors. Kennedy and Mellon (25) found evidence that activity in interneurons in the abdominal nerve cord of crayfish is initiated from electrotonic potentials produced by spikes in branches which are incapable of invading the main axon without summation.
Similar observations have been more recently made in Aplysia bag cells (12). Chung et al. (7) have suggested that failures at branch points may be responsible for some information processing. Conduction failure has been attributed to a number of different cellular properties which may further reduce the marginal safety factor caused by the large electrical "load" of a branch. Van Essen (39) has found that conduction block at the branch point of sensory neurons in leech is produced by the hyperpolarizing activity of an electrogenic pump. Grossman et al. (18) suggested that failure at axonal branch points in a crustacean motoneuron may be due to
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differences in potassium accumulation in the two branches.
Propagation failures have also been observed in the sensory fibers of vertebrates (7, 15, 35, 40), motor fibers of lobster (18) and cockroach (31), on antidromic invasion of Aplysia (29, 38) and crayfish (43), and in the nerve terminals of invertebrates (I, 5, 13). Barron and Matthews (4) found that increasing temperature increased the number of failures that they observed in a branch of a vertebrate sensory fiber. In fact, they were able to locate the point of conduction failure by placing a single drop of warm saline on the spinal cord. On the other hand, Krnjevic and Miledi (26) found that propagation block in a region of branching in rat phrenic nerves was aggravated by lower temperatures although intermittant conduction continued for a longer period before total block occurred than it did at higher temperatures. The authors attributed the block and its temperature dependence to anoxia. In many cases it is difficult to separate the effects of membrane or ionic concentration differences from the effects that are produced purely by the geometry and cable properties of the branch.
The experiments discussed here were undertaken to provide a better understanding of the physical basis of conduction failure by investigating the effects of temperature and fiber diameter on action-potential propagation at axonal branch points. A preliminary report of the results has already been made (24).
METHODS

Temperature control
The filtered seawater bathing solution was precooled to 0°C before it entered the chamber. The specified experimental temperatures were obtained by mixing this precooled solution with solution at or above room temperature (approximately 25°C). The temperature in the bath at the branch point was monitored with a telethermometer probe (Yellow Springs Instruments. model 43TD), which was placed within 2-5 mm of the nerve. JOYNER, AND MOORE
Dissection
For determination of the temperature dependence of propagation failure at branch points, the mantle of the squid Loligo pealei was opened and illuminated from below to reveal the stellar nerves. The branching patterns of several axons were examined and measured to select a single axon and side branch which had a diameter ratio appropriate for the experiment. This axon, with its branch attached, was excised from the mantle and placed in a Lucite chamber which contained flowing filtered seawater solutions.
For the experiments that measured the temperature dependence of various parameters of the propagating action potential in a homogeneous axon, a single giant axon without branches was excised.
Recording and stimulating techniques
The experimental setup used for the experiments on branching fibers is illustrated in Fig. 1 
Numerical simulations
The branching axons were modeled by branching cable structures, for which numerical solutions were obtained for the corresponding partial differential equations by an extension of the implicit integration method of Crank and Nicholson (9). This method has been previously applied to homogeneous axons (28) and to axons with localized geometrical inhomogeneities (32). The extension of this method to branching axons will be published in detail elsewhere. The Hodgkin and Huxley (20) model was used for the membrane conductances.
In general, the effect of varying temperature was simulated by adjusting the rate constants ((Y'S and p's) by a Qlo of 3 from a base temperature of 6.3"C (20, 22). Some simulations were done with a variation of the maximum conductances, the specific capacitance, and the specific axoplasm resistivity with temperature, and these are mentioned where applicable.
RESULTS
Experiments on branching jibers
For discussion of the experimental and theoretical results, the "prebranch" axon will be defined as the stimulated axon even though it was not necessarily the one in which propagation was normally initiated in the squid. Propagation of the action potential through the branch point was blocked when the temperature was high. The prebranch axon (see Fig. 1 ) was stimulated at a frequency of l-2 Hz while the prebranch extracellular potential and the postbranch intracellular potential were recorded. The external bathing solution was kept cold at approximately 5°C during the dissection and preliminary setup and recording period. Then it was gradually warmed until conduction of the action potential from the pre-to postbranch axon failed. Results from one experiment are illustrated in Fig. 2 . Figure 2A and B shows the records obtained at 5 and 7"C, respectively, from a prebranch axon of 40-pm diameter (lower traces) and one of the 250-pm diameter postbranch axons (upper traces). The absence of an action potential in the postbranch axon at 7°C indicated that failure of conduction had occurred somewhere between the two recording electrodes.
This temperature-induced conduction block was completely reversible.
Simulations of branching jibers
This experiment was simulated on the computer with the branching axon model. The rate constants for the calculated membrane currents had a Ql,, of 3.0. The diameters for the pre- and postbranch axons of the model were set equal to those in the experiment.
The voltage was plotted at the two segments which approximately corresponded to the positions of the recording electrodes in the experiment with the squid nerve. The simulation results obtained for 5 and for 7°C are illustrated in Fig. 2C and D, respectively.
As in the experimental records, the absence of an action potential in the upper trace of Fig. 20 indicated that conduction had failed at the higher temperature.
Our simulations had predicted that, for any given pair of prebranch and postbranch diameters whose ratio fell within a specified range, propagation would fail at the branch point for temperatures above a critical value. Figure  3 shows a comparison between the predicted and measured critical temperature as a function of the diameter ratio of the prebranch and postbranch axons. In this plot, the diameter ratio is raised to the '/z power so that the ordinate may also be interpreted as the ratio of the input impedance or the inverse load ratio for the prebranch and postbranch axons (see DISCUSSION). Each square represents a separate experiment and the circles represent the observation of critical temperatures in simulations for several diameter ratios. The dashed line represents the least-squares fit of a semilog regression.
Temperature coejjkients of uniform conduction parameters in single axons
Several properties of the propagated action potential were measured over a range of temperature from 6 to 25°C. In general, the maximum amplitude, duration, area, and relative refractory period (RRP) of the action potential decrease The results of all of these experiments are summarized in Table 1 . The Qlo values (2 the standard error of the slope) along with the results of the computer simulations are presented in Table 2 .
The maximum amplitude was measured in millivolts from the resting potential. There was considerable variation in the actual value of the spike height from axon to axon. This variation may in part depend on differences in resting potential and the condition of the axons. There was, however, a consistent decrease in amplitude (approximately 11%) when the temperature was increased from 6 to 24°C. This is to be compared with the value from Hodgkin and Katz (21) of 12%.
Similarly, the value of the maximum rate of rise of the propagated action potential was quite sensitive to the condition of the axon and showed a considerable degree of variation. However, the relative change with temperature was quite constant with a Q10 of 2.2.
The propagation velocity (0) was calculated from the times of arrival of the half-maximum values of the action potential at the recording electrodes.
Since the conduction velocity is proportional to the square root of the diameter (20), the velocities in axons of various diameters were normalized by multiplying by the reciprocal square root of the ratio of the individual diameters (21) in that the effect of temperature on the falling phase of the action potential was considerably greater than on the rising phase, both being shortened.
Thus the duration was found to have a Q10 of 0.29, considerably less than 1.0. The area of the action potential was measured as the area (mV x ms) under the spike, above threshold.
Threshold was not directly measured but was arbitrarily taken to be a IO-mV depolarization from the resting potential in all cases. Since both the height and width of the spike decreased with increasing temperature, the area decreased even more (Q10 = 0.26).
DISCUSSION
The physical basis for the failure of propagation of the action potential from one branch of an axon to another of different diameter can be understood by considering the roles of the geometry and membrane characteristics of an axon. Specifically, an action potential is initiated in a particular part of the axon when enough current is supplied to charge the membrane capacitance of that patch to a voltage equal to or above threshold.
The amount of current required to excite a particular branch and the current it can deliver, once excited, are functions of the size of that branch. Larger branches have more membrane area per unit length and less input resistance than smaller branches and, hence, require more current to become excited. Similarly, larger branches can supply more exciting current than smaller branches.
Propagation failure occurs when a small branch cannot provide enough current to drive the greater electrical load of a large branch to the threshold level. Hence, the load ratio is a measure of the challenge provided by any particular branch to the propagated action potential. In general, the resistive electrical load of a cable is represented by the input resistance where R, and R, are the input resistances of the two individual postbranch axons (see Fig. 1 ). Then:
The load ratio (input conductance of the post/ input conductance of the pre) is then given by:
We label the ratio at or above which propagation fails for any particular temperature the "critical" ratio. Figure 3 shows the observed critical load ratio as a logarithmic function of temperature.
Figure 3 also shows the theoretical critical load-temperature curve predicted by the computer model simulations. The simulations were done with a Qlo of 3.0 for the conductance rate constants (see METHODS) and no adjustable parameters except the branch diameters and temperature.
It should be noted that neither the experimental data nor the theoretical curve is strictly logarithmic.
Over the small temperature range used however (6-25"C), the curves were nearly logarithmic.
The correlation coefficients JOYNER, AND MOORE obtained from semilogarithmic regression analysis were r = 0.96 for the experiments and Y = 0.99 for the simulations.
The very good match between the experimentally measured critical load ratios and the simulations suggested that the computer model could be used to interpret the experiments in terms of the membrane model and the cable theory used to develop the model.
There are a number of properties of the propagated action potential which are sensitive to temperature and which might be responsible for the sharp temperature dependence of the conduction failure. The mechanism for failure may be due to changes induced by temperature in I) the peak amplitude, 2) duration, 3) excitation threshold, 4) maximum rate of rise, or 5) propagation velocity of the action potential or by changes in the axoplasmic resistivity. In an attempt to determine which of these properties are most important in establishing the temperature dependence of the failures, the effect of temperature on the suspected factor, which is easily expressed as a QIO, can be compared to the effect of temperature on the critical load ratio. (Fig. 3) .
The difference in the absolute values of the experimental and simulation Qn,'s may be due to inadequacies in the model. In general, temperature dependences measured in the axon were larger than those predicted by the model. One possible explanation of the discrepancy is the additional temperature sensitivities of the maximum conductances and axoplasm resistivity (27), which increase the value of the theoretical temperature dependence of the action potential duration, area, propagation velocity, and rate of rise.' When the temperature dependences of these conductances were included in the simulations, Ql,, values of the maximum amplitude and the critical load ratio were moved further away from the experimental values. Because of this mismatch and because altering the model required arbitrary assumptions about leakage and resting potential, the temperature dependence of these conductances was not included in the model presented here. All of these observations suggest that successful propagation of a spike from a small branch through the junction into a large one is primarily dependent on the duration of the spike in the smaller branch. Factors which change the duration of the spike would be expected to directly affect marginal transmission and, thus, the value of the critical load ratio at any given temperature.
We feel that the results of these experiments are useful for characterizing the effect of temperature on propagation or failure at branch points. However, an even more important contribution comes from the insight given to the general problem of determining the success or failure of propagation through regions of relatively low safety factor. In these experiments, temperature was used as a tool which perturbed the system in a well-described manner and thus allowed us to ascertain which action-potential parameters are important. We are able to conclude that the shape, particularly the duration of the action potential, is the primary effector of propagation success. For example, temperature-dependent conduction failure has been suggested as a mechanism which produces some of the clinical symptoms associated with demyelinating diseases (10, 11, 33). There may be some normal systems which sense or regulate temperature by responding to conduction failures. Just as the short sharp spike in an axon appears to be designed for efficient signaling, the action potentials of long duration in other tissues may be so designed for other purposes, e.g., improving the probability of successful propagation through regions of low safety factor.
